Abstract-One of the goals of peripheral nerve cuff electrode development is the design of an electrode capable of selectively activating a specific population of axons in a common nerve trunk. Several designs such as the round spiral electrode or the flat interface nerve electrode (FINE) have shown such ability. However, multiple contact electrodes require many leads, making the implantation difficult and potentially damaging to the nerve. Taking advantage of the flat geometry of the FINE, multiplexers were embedded within the cuff electrode to reduce the number of leads needed to control 32 channels. The circuit was implemented on a polyimide film using off-the-shelf electronic components. The electronic module was surface-mounted directly onto the electrode's flat substrate. Two circuit designs were designed, built, and tested: 1) a single supply design with only two wires but limited to cathodic-first pulse and 2) a dual-supply design requiring three lead wires but an arbitrary stimulation waveform. The electrode design includes 32 contacts in a 1 mm 8 mm opening. The contact size is 300 m 400 m with access resistance less than 1 k. This electrode is not intended for long-term use, but developed as a feasibility study for future development using low-water-absorption materials such as liquid crystal polymer and an application specific integrated circuit.
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I. INTRODUCTION
F UNCTIONAL electrical stimulation has been used to restore lost or damaged function in paralyzed patients [1] . Several electrode designs have been utilized to interface the stimulator with the biological tissue, such as surface [2] , epimysial [3] , intramuscular [4] , epi-neural [5] - [7] , and intrafascicular electrodes [8] - [11] . One of the major advantages of nerve-based electrodes over other designs is that these electrodes can control several muscle groups with a single electrode implantation, thereby simplifying the implantation procedure; nonetheless, it is difficult to selectively stimulate a certain axon population within a nerve trunk [6] , [7] , [12] . Several nerve-based electrode designs have been proposed to overcome this selectivity problem. While, intrafascicular electrodes, such as the Utah Slanted Electrode Array (USEA) [8] , [9] and the longitudinal intrafascicular electrode (LIFE) [10] , [11] , have shown excellent selectivity, their reliability for longterm implant has yet to be validated. This type of electrode must penetrate the epineurium surrounding the entire nerve and the perineurium enclosing each fascicle in order to make a direct contact with targeted axons, therefore the electrode movement can potentially cause nerve damage. Although LIFEs were successfully tested in chronic animal studies, it will be challenging to implant a few of these electrodes into different fascicles in order to activate different muscle groups.
Multicontact spiral cuff electrodes have also been shown to be selective in stimulating individual fascicles in a common nerve [6] , [7] . The electrode's circular cross section, however, makes it difficult to activate selectively central axon populations [13] - [15] . A flat interface nerve electrode (FINE) was developed to overcome this problem [16] . The FINE takes advantage of the fact that a nerve cross section is not normally round, but rather flat or oblong [16] . A human femoral nerve, for instance, that contains at least 20 fascicles, is 12 mm wide, and less than 4 mm thick [17] . A narrow opening of the FINE decreases the distance between fascicles and stimulating contacts, thereby increasing the selectivity [16] , [18] - [23] . A chronic histological study has shown that a FINE with an opening height equal to or slightly smaller than the nerve thickness causes little or no nerve damage [23] . Both computer modeling and animal studies suggest that the selectivity could be further improved by increasing the number of contacts around the nerve [18] , [20] ; however, that will also require more interconnecting leads, making the implantation more difficult.
Integrated circuits have been used to reduce the number of interconnecting leads for both central and peripheral nerve interfaces [24] , [25] . For peripheral nerves, an electronic module was developed for a six-channel tripolar cuff electrode with a reduction of the number of leads from 12 to 4 [25] . The electronic module is housed on a flexible substrate and placed along the nerve. However, placing the multiplexing circuit directly on the electrode is preferable.
The implantable multichannel stimulator consists of an implantable controller located next to the skin to maximize the energy transfer and communication efficiency. The controller is connected by a flexible cable to the cuff electrode. This present study focuses on the design of the electronic circuitry placed within the electrode itself to minimize the number of wires in the cable. The circuit is embedded directly onto the electrode flat area, thus providing mechanical stability for the electronic module and eliminating the additional interconnection between the electronic module and the electrical contacts. Two circuit designs are presented; single and dual-supply designs that require only two and three interconnecting lead wires respectively to address and stimulate 32 contacts within the cuff electrode. The electrode has been fabricated using commercially available surface mounted components to minimize the cost and time of development.
II. METHOD

A. Circuit Design
The multiplexing circuit embedded within the electrode was implemented with either dual or single supplies to control 32-channels. The dual-supply design requires three-lead wires and can deliver an arbitrary stimulating waveform, whereas the-single supply design requires only two-lead wires but is restricted to cathodic-first stimulating pulse. pulse is generated by temporarily turning off V0. Then, the clock signal, embedded in V+, is applied. Once an active channel of the multiplexer is configured, the stimulating current can be passed from the shared contact through the active channel in the electrode to GND.
Both designs receive stimulation waveforms and control signals from the implantable controller and consist of two analog multiplexers (AMUX), a binary counter, and a decoder (Fig. 1) . Each of AMUX's input channels is connected to an electrode contact. Common ports of both AMUXs are connected to the circuit ground. Stimulating current pulses are generated from the implantable controller and passed through a shared contact located outside the electrode. The injected current is passed through an electrode contact and returns to circuit ground. Both AMUXs are configured by the binary counter outputs. Reset and clock for the counter are embedded in the power supply lines and extracted by the decoder. With this architecture, the number of contacts can be increased without increasing the number of lead wires. The decoders for the dual and single-supplied designs are explained in details below.
1) Dual-Supply Design:
The decoder for the dual-supply design is shown in Fig. 2 . This design is adapted from a previous study [25] . The decoder consists of two resistors, two capacitors, and a diode. The design requires three interconnecting leads including positive and negative supplies, and circuit ground. Fig. 2(b) shows the decoder which extracts the reset and clock from the supply lines. A reset pulse is produced by temporarily turning off the negative power supply. The clock is then applied to the line to configure the counter and the multiplexers. and rectify and filter the clock signal to produce the positive supply for the counter and multiplexers embedded in the electrode. During channel switching, the stimulating pulse is turned off. Once an active channel of the AMUXs has been selected, simulating pulses can be applied to the shared contact.
2) Single-Supply Design: Fig. 3 shows the decoder circuit for the single-supply design. The design requires only two interconnecting leads; positive supply and circuit ground. The control signal is shown in Fig. 3(b) . The reset pulse is produced by temporarily applying a pulse into the line. With an appropriate zener voltage of (about 110% ) and a voltage divider of 66% at , this pulse sets the output of the comparator (TLC3702CP) from zero to and resets the counter. The clock is then applied to the line to configure the multiplexers. and rectify and filter the clock signal to produce a stable positive supply . Fig. 4 shows a test setup for measuring the voltage at the analog multiplexer inputs (AMUX) induced by a stimulating current pulse. The AMUX (MAX306) with control circuit was mounted on a protoboard for testing. The AMUX's COM port was connected to the circuit ground. Each of the AMUX inputs was connected to an individual contact of a passive electrode with the same dimension as the active electrode [ Fig. 4(b) ]. The schematic of the current pulse generator used in this test is shown in Fig. 4(c) . and produced 4 V pulses to generate cathodic and anodic current pulses, respectively. The analog switch and at the output did not contribute to the stimulating pulse waveform, but were used to prevent any leakage current and to correct any charge imbalance of the pulse. The switch was normally closed and only opened during the pulses. Any imbalanced charge of stimulating pulse would be stored in and discharged when the switch was closed. Stimulating pulses were passed through a shared contact having a much larger surface area than that of stimulating contact ( 50 times). The electrode and shared contact were submerged in a saline bath.
B. Bench-Testing Setup
C. Electrode Implementation
A flat interface nerve electrode with embedded integrated circuits was implemented with commercially available components. Although both designs were tested, only the dual-supply design was developed. The electrode substrate was made of a three-layer polyimide film (Allflex Inc.). Die forms of the 16-channel multiplexers (MAX306), binary counter (CD4040), and diode (1N4148) components were employed to reduce the required space. The low crosstalk of the MAX306 ( 92 dB, ) provided isolation between channels. The resistors and capacitors were thick film (0402) surface mount type.
III. RESULTS
A. Bench-Testing of the Multiplexer and Control Circuitry 1) Dual-Supply Design:
The multiplexing control circuit was tested by generating signals to short one of the 32-channels to ground while leaving the others open. Fig. 5(a) shows the voltage induced by a current-controlled pulse measured at four positions: the AMUX's closed channel connected to a contact on one end, the opened contact adjacent to the closed one, the opened contact on the other end, and the shared contact [ Fig. 4(a) ]. The stimulating current pulse was symmetrically biphasic, charged-balance, and cathodic-first. The pulse amplitude and duration were 1 mA and 100
for both cathodic and anodic phases with a 20 delay between the two phases. The AMUX was powered by 5 V.
The induced voltage amplitude on the closed channel was about 120 mV (1) on both phases [ Fig. 5(a) ], suggesting that the AMUX's internal resistance was approximately 120 . The induced voltage on other three positions (2) was nearly identical [ Fig. 5(a) ]. The one at the shared contact was slightly higher, and the one adjacent to the closed channel was slightly lower. Since the size of the shared contact is much larger than that of stimulating contact, this induced voltage represents primarily the combination of stimulating contact impedance and AMUX's internal resistance. The 1 V at the onset of the pulse (3) came from the combination of the stimulating contact's access resistance and the AMUX's internal resistance . A voltage of 1.8 V at the end of the cathodic pulse (2) suggests that the accumulating voltage in the stimulating contact's capacitive layer is about 0.8 V.
At the end of the second phase, the output-stage analog switch was closed thereby inducing a glitch on the closed channel (4). This glitch could be due to the discharge of imbalanced charge from the stimulating pulse stored in the output capacitor [ in Fig. 4(c) ].
The induced voltage on all channels (between 1 V and 2 V) was within the power supply range ( 5 V) as required for the AMUX to properly function. This stimulating current waveform, however, cannot be used with the single-supply AMUX ( 5 V) since any negatively-induced voltage will activate the AMUX's internal protection diodes [D-in Fig. 4(a) ] and be clamped to the D-'s forward bias voltage.
2) Single-Supply Design: For the single-supply AMUX, the negative input voltage must be small enough to prevent activation of the internal clamping diode [D-in Fig. 4(a) ]. Therefore this circuit cannot pass a symmetrical rectangular biphasic waveform. However, it is still possible to apply biphasic current waveforms with this circuit by using a cathodic-first pulse followed by low-amplitude anodic phase. Fig. 5(b) shows the voltage measured at the same four positions [ Fig. 4(a) ] induced by an asymmetrically biphasic, charge-balanced current pulse. The cathodic pulse amplitude and duration were 1 mA and 100 s, and the anodic pulse was set to 0.2 mA and 500 s width with a 20 s delay added between cathodic and anodic phases. The AMUX was powered by 5 V.
During the cathodic phase, the induced voltage amplitude on the closed channel was about 200 mV (5) , implying that the AMUX's internal resistance was approximately 200 . This resistance increase compared to the dual-supply AMUX is due to the lower power supply. The induced voltage on the other three positions (6) was nearly identical, as expected, and represented primarily the stimulating contact impedance [ Fig. 5(b) ].
During the anodic phase, the induced voltage on the closed channel became negative, approximately 40 mV (7). This amplitude is equal to the stimulating amplitude (0.2 mA) multiplied by AMUX's internal resistance (200 ). However, unlike the symmetrical biphasic pulse, the induced voltage on the open channels remained positive due to the accumulating charge stored in the double-layer capacitor of the stimulating contact. At the end of the charge-balanced pulse, the double-layer capacitor of the contact was fully discharged and the induced voltage became negative, approximately 300 mV (8) . This amplitude is approximately the stimulating amplitude (0.2 mA) multiplied by the stimulating contact impedance plus AMUX's internal resistance . Although the induced voltage on AMUX inputs became negative at the end of anodic phase ( 40 mV and 300 mV for the close and open channels), this voltage was not large enough to forward bias the internal clamping diode (D-). Therefore, the AMUX can function properly with the single supply and does not require the negative power supply. Fig. 6 shows a fabricated flat interface nerve electrode with embedded integrated circuit. The electrode substrate was a polyimide film. The electrode contained 32 contacts with a 1 mm 8 mm opening. This opening size was made slightly larger than a canine hypoglossal nerve [21] . Stimulating contacts and electronic components were located on opposite sides [ Fig. 6(a) and (b) ]. The contacts were gold plated with a dimension of . The contact separation was 500 between contact centers [ Fig. 6(a) ]. All components were attached onto the substrate with conductive epoxy (H20E, Epotek) [ Fig. 6(b) ]. The die were wire-bonded and then protected by epoxy (302M, Epotek).
B. Implementation of a FINE With Embedded Electronics
To achieve a tight folding radius of 0.5 mm, the substrate was separated into two parts and reconnected with multistrained microwire (AG7/40T, Sigmund Cohn, Mount Vernon, NY) by soldering. This type of wire was also used for the three interconnecting leads. Silicone elastomer (MED-6215, Nusil, Carpinteria, CA) was brushed on the entire electrode except for the contact openings. Four 500--thick silicone shims were attached to the electrode edges. Once dried, the substrate was folded 180 to create a rectangular opening of 1 mm 8 mm [ Fig. 6(c) ]. Elastomer was reapplied to protect the interconnecting wires between the two substrates. Fig. 6(d) shows the electrode final implementation. This electrode was developed for a feasibility study and not intended for any long term implantation.
The FINE, with embedded integrated circuits, was tested in a saline bath. The shared contact was the same one used in the bench test. The electrode was powered by 5 V. The induced voltage at the current source output was measured when applying a symmetrical biphasic pulse (1 mA and 100 s). The induced voltage, as expected, was similar to that found at the AMUX open channel shown in Fig. 5(b) and not shown.
IV. DISCUSSION
This study presents a solution to the problem of the large number of wires required in multicontact nerve electrode. This large number of contacts is necessary to implement both fascicular and subfascicular stimulation selectivity [23] . By embedding multiplexing electronics it is possible to decrease the number of interconnecting leads. The combination of the FINE and integrated circuit shows one distinct advantage. That is, the flat area of the electrode is a suitable location for housing an electronic module, especially for a large nerve such as a femoral nerve that is 12 mm wide and 4 mm thick [17] . The proposed circuit designs require only two and three interconnecting leads for the single and dual-supply designs, respectively, regardless of the number of contacts.
The decoder module eliminates the lead wires for channel selection, but requires additional circuit area (about 20%) and limits the channel-to-channel switching time. However, a small number of leads is preferred in order to reduce the lead stiffness and prevent nerve damage. The circuitry area and overall electrode size can be decreased by using an application-specific integrated circuit (ASIC). The switching time between channels is also negligible when compared to a typical stimulation pulse interval of about 30 ms [26] . Since only a few contacts in the electrode are used during selective stimulation [17] , [20] , the allowable switching time will be about 5 ms. Although a 12-bit counter was used in this study, a 6-bit binary counter is sufficient to select one of the 32 outputs for the two 16-channel mul-tiplexers. The switching time is less than 1 ms for a clock frequency of 100 kHz.
The stimulating waveform for the dual-supply design can be arbitrary as long as the induced voltage at AMUX's inputs is within the power supply range. An anodic-first pulse could also be used for stimulation if needed and the induced voltage would be the inverse of that shown in Fig. 5(a) . Although the stimulating waveform for the single-supply design is limited to a cathodic-first pulse followed by low-amplitude anodic pulse, this type of stimulating waveform has been used clinically for over a decade with no complications [27] , [28] .
Power supply level for the AMUXs needs to cover the range of the induced voltage on their inputs. Therefore, the maximum induced voltage on AMUXs needs to be predetermined experimentally by applying the maximum charge and stimulating current amplitude for a specific application. The induced voltage in vivo is expected to be higher than that obtained in vitro due to the increase in access resistance.
The two proposed circuit designs do not include any current source in the electrode. The output stage is located in a separate controller and generates the stimulating current through a shared contact. This approach greatly simplifies the electrode's circuit design without sacrificing any electrode performance. Moreover, arbitrary stimulating waveforms can be used to further enhance the spatial selectiveness of the electrode [29] , without modifying the electrode.
The configuration of these two proposed circuit designs is limited to monopolar stimulation. Experiments in peripheral nerve have shown that, as spatial selective stimulation is concerned, monopolar stimulation can achieve the same selectivity level as the tripolar configuration [30] . However, bipolar or tripolar stimulation could also be implemented by including the shared contact in the electrode with the addition of extra interconnecting lead wire. Neither of the two proposed designs can perform current steering that could enhance the spatial selectivity [6] . Preliminary modeling results of the FINE, however, have suggested that the steering stimulation is not required for a high contact density electrode in order to achieve a desired selectivity [17] .
Although the electrode substrate was flexible, it was significantly stiffened by the surface-mounted components. Moreover, the three-layer polyimide film could not be bent easily in order to create a narrow opening ( 1 mm). The electrode had to be split into upper and lower sections and reconnected by interconnecting wires. A thinner three-layer flexible substrate might allow bending the substrate and simplify the fabrication. An ASIC implementation of this design would significantly decrease the number of integrated circuits and permit the use of one-layer thin film, thus restoring flexibility of the electrode substrate.
The design of the electrode with gold plating on a flexible printed circuit board was used for its simplicity and commercial availability. However, electrodeposition of iridium oxide would be required for nerve stimulation to increase the charge injection limit and prevent metal dissolution [31] .
Similarly, this study was not designed to study or resolve the question of hermetic seal and encapsulation. Intensive studies in polymer encapsulation have, however, shown that electronic modules encapsulated in silicone have been successfully implanted in patients for over 20 years [32] - [37] . Silicone encapsulation for bare-die circuits have been attempted [25] . Encapsulation of the developed electrode for long-term implant has yet to be overcome.
In conclusion, a multichannel flat interface nerve electrode with embedded integrated electronic has been designed and tested. The electrode contains 32 stimulating sites and requires only two or three interconnecting leads for the single or dual-supply designs, respectively. The number of contacts can be increased without increasing the interconnecting leads. The stimulating waveform for the dual-supply design can be arbitrary whereas that for the single-supply design is limited to a cathodic-first pulse followed by low-amplitude anodic pulse. This electrode can be applied to a large flat nerve containing several fascicles, such as in femoral nerve stimulation for a standing neuroprosthetic system [17] . A thinner flexible substrate will be used to maintain the electrode flexibility and facilitate the bend in the middle of the electrode. For long-term implantation, liquid crystal polymer (LCP) could be utilized instead of polyamide as an electrode substrate due to its low water absorption rate.
